The HSSP (Homology-Derived Secondary Structure of Proteins) database provides multiple sequence alignments (MSAs) for proteins of known three-dimensional (3D) structure in the Protein Data Bank (PDB). The database also contains an estimate of the degree of evolutionary conservation at each amino acid position. This estimate, which is based on the relative entropy, correlates with the functional importance of the position; evolutionarily conserved positions (i.e., positions with limited variability and low entropy) are occasionally important to maintain the 3D structure and biological function(s) of the protein. We recently developed the Rate4Site algorithm for scoring amino acid conservation based on their calculated evolutionary rate. This algorithm takes into account the phylogenetic relationships between the homologs and the stochastic nature of the evolutionary process. Here we present the ConSurf-HSSP database of Rate4Site estimates of the evolutionary rates of the amino acid positions, calculated using HSSP's MSAs. The database provides precalculated evolutionary rates for nearly all of the PDB. These rates are projected, using a color code, onto the protein structure, and can be viewed online using the ConSurf server interface. To exemplify the database, we analyzed in detail the conservation pattern obtained for pyruvate kinase and compared the results with those observed using the relative entropy scores of the HSSP database. It is reassuring to know that the main functional region of the enzyme is detectable using both conservation scores. Interestingly, the ConSurf-HSSP calculations mapped additional functionally important regions, which are moderately conserved and were overlooked by the original HSSP estimate. The ConSurf-HSSP database is available online (http://consurf-hssp.tau.ac.il). Proteins 2005;58:610 -617.
INTRODUCTION
The HSSP database of Homology-Derived Secondary Structure of Proteins 1 provides multiple sequence alignments (MSAs) of homologous proteins for each protein of known three-dimensional (3D) structure in the Protein Data Bank (PDB). 2 For each HSSP entry, the homologous proteins are added using a stringent threshold, corresponding to the minimal sequence identity required for considering two proteins as structural homologs (see Methods section).
1, 3 The procedure guarantees that, by and large, the collected homologous proteins share a similar 3D-fold and related biological function(s). The HSSP database also includes a "variation entropy" score for each amino acid position in the protein, which is a measure of sequence variability. The variation entropy is an estimate of the Shannon information content, 4 and is often used to detect structurally and functionally important positions in the protein. [5] [6] [7] It is calculated based on the amino acid frequencies at each position within the homologous proteins; variable positions have high entropy, and conserved positions have low entropy. Evolutionarily constrained amino acid positions, which are commonly referred to as "evolutionarily conserved" (or simply "conserved"), are often important to maintain the 3D structure of the protein or its biological function(s). Thus, the identification of these positions enhances our understanding of the biological function of the protein.
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The variation entropy is a straightforward and clear definition of variability that is easy to calculate but has several drawbacks. First, it does not differentiate between moderate (e.g., Leu to Ile) and radical (e.g., Leu to Asp) replacements. Second, it does not take into account the sequence redundancy (i.e., the nonhomogenous nature of the MSA), and finally, it does not take into consideration the evolutionary relationships among the homologs in the MSA. 1, 5, 7, 12 The Rate4Site algorithm, 13 which we recently introduced, provides a more accurate approach for scoring amino acid conservation. Rate4Site accepts as input a phylogenetic tree reconstructed from the MSA of the homologous sequences and provides a maximum likelihood estimate of the evolutionary rate of each amino acid position. The evolutionary relationships among the homologous proteins, as reflected in the tree topology and branch lengths, and the amino acid frequencies and replacement probabilities, are explicitly taken into account in the calculation. This makes Rate4Site more accurate and sensitive than other advanced methods that explicitly use phylogenetic trees 14, 15 for the identification of the residues that compose functional regions. 11, 13 Subsequently, we developed the web server ConSurf, 16 which implements this algorithm, enabling the identification of functionally important regions in proteins by mapping the level of evolutionary conservation of each position onto the 3D structure of a representative protein.
Our experience has been that the result of a Rate4Site calculation is highly sensitive to the quality of the MSA, 13 and that the automatic approach of producing an MSA used in ConSurf (i.e., a PSI-BLAST 17 search for homologs followed by CLUSTAL W 18 alignment) is not always reliable (e.g., true homologs are sometimes overlooked by the PSI-BLAST search, while nonhomologs are falsely detected). To alleviate this problem, we have developed ConSurf-HSSP, a web-available database that combines the ConSurf server with premade MSAs taken from the HSSP database. The ConSurf-HSSP database currently provides precalculated conservation scores for essentially the entire PDB.
METHODS

Relative Entropy Scores
Sequence variability can be estimated based on Shannon's information content. 1, 5, 7 Given the frequency of occurrence f(r) i of an amino acid of type r at position i in the alignment, the information content or entropy [Ϫ⌺f(r) i ln f(r) i ] is a measure of the uniformity of the distribution f(r) i . The relative entropy of the position (S i ) is obtained by multiplying the entropy by (100/ln 20). This normalization produces entropy scores between 0 and 100, corresponding to the most highly conserved and most variable residues 1, 7 :
The HSSP Database
In order to produce each entry of the ConSurf-HSSP database, we used MSA files obtained from version 1.1 2001 of the HSSP database (http://www.cmbi.kun.nl/swift/ hssp/). 1 This database contains a file for each PDB entry, with an MSA for each nonredundant protein chain.
The procedure for collecting "true" homologs for the HSSP alignments ensures some degree of structural homology with the target protein. An empirical homology threshold is used, which was determined by analyzing the alignment of many proteins of known structure in terms of the relation of their sequence and structural similarities, and their dependence on the alignment length. A protein is considered to be a structural homolog if the sequence similarity is equal to or greater than a homology threshold t(L), along a sequential region of length L. t(L) varies from about 25% (residues identity) for sequences of 80 residues or more, up to about 80% for sequences of 10 residues. 1 Each file also includes relative entropy based scores [Eq.
(1)] of the variability of each position in the alignment, which is stored in the "SEQUENCE PROFILE AND ENTROPY" section.
The Evolutionary Rate
The ConSurf-HSSP database makes use of the Rate4Site algorithm 13 to calculate the rate of evolution at each amino acid position. In Rate4Site, the evolutionary conservation of a position is scored, based on its evolutionary rate; slowly evolving positions are evolutionarily conserved, while rapidly evolving positions are variable. Rate4Site, which is also suggested as the default method for scoring conservation in the ConSurf server, 16 closely models the evolutionary process by explicitly taking into account the phylogenetic relationships among the homologous sequences and thus overcomes problems due to uneven sampling in sequence space. Rate4Site also integrates into the calculation the frequencies of the naturally occurring amino acids and their replacement probabilities based on the JTT model.
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A Rate4Site calculation begins with the reconstruction of a phylogenetic tree based on the input MSA, using the Neighbor Joining (NJ) method. 20 It is important to emphasize that the tree is built to be consistent with the MSA only, without explicit use of the origin of the proteins. Thus, orthologs and paralogs are treated in the same manner, in that their mutual "evolutionary distances" are calculated based on the number of amino acid replacements. To increase the accuracy of the NJ algorithm, pairwise distances were computed using the maximum likelihood paradigm. 21, 22 The evolutionary rate at each position is subsequently estimated, based on the tree topology and branch lengths. A more detailed explanation of the Rate4Site algorithm can be found in Pupko et al. 13 and in the OVERVIEW section of the ConSurf-HSSP database (http://consurf-hssp.tau.ac.il).
The ConSurf-HSSP Database
For each entry, the ConSurf-HSSP database stores a web interface produced by the ConSurf server, and the corresponding set of input and output files. The web interface provides links to the output files that were produced during the ConSurf/Rate4Site calculation, including a file in which the estimated evolutionary rates of each amino acid positon are recorded. Most important, it provides the means for visualization of the color-coded conservation scores on the selected polypeptide chain using Protein Explorer 23 (see the OVERVIEW page at http:// consurf-hssp.tau.ac.il for more information).
The ConSurf-HSSP methodology requires a minimum of 5 homologous sequences for a ConSurf calculation. This cutoff reflects our experience that MSAs, including a smaller number of homologs, do not usually contain enough information to yield accurate conservation scores. This cutoff will ultimately be replaced by a measure of sequence variability.
THE CONSURF-HSSP DATABASE
The Color Code Scale
The color-coding scale used both in the ConSurf-HSSP database and relative entropy analysis was adopted from the ConSurf server. This is a discrete scale obtained by dividing the conserved and variable portions of the original conservation scores distribution into 4.5 identical intervals. Thus, a new scale of 9 equal-size categories of conservation is obtained. Applying this scaling procedure to both the ConSurf-HSSP and relative entropy scales yields a comparable color grades scale for both methods, which was used for coloring and grading conservation [see ConSurf-HSSP and RELENT columns in Table I and Fig.  1(a and b) ]. In this work, residues with conservation grades of 9 or 8 were considered highly conserved; residues with grades 7 or 6 were considered conserved; residues with grade 5 were considered averagely conserved; residues with grades 4 or 3 were considered variable; and residues with grades 2 or 1 were considered highly variable.
Contact Projection
A relative exposure criterion was used for the identification of the residues that participate in protein interfaces [ Fig. 1(c) ]. The contact projection of a polypeptide chain (or domain) that is involved in an interprotein (or interdomain) interface was obtained by calculating the relative solvent accessibility of each of its residues (RSA i ) and their projection onto the protein structure. RSA i was defined as
ASAm i is an estimate of the maximum solvent accessibility of residue i in a protein environment, obtained by calculating the solvent-accessible surface area of the residue in an extended AX i A tripeptide, where A is Ala and X i marks the type of residue i. ⌬ASA i is the difference in the Connolly solvent accessible surface area of residue i within the context of the protein upon burial at the interprotein or interdomain interface. The relative exposure (or contact) map was obtained by color-coding each residue by RSA i , using a red-through-blue rainbow scheme indicating the maximum-through-minimum relative solvent accessibility scale [ Fig. 1(c) ]. The solvent accessible surface area was calculated using the SURFV program, 32 with a probe sphere of radius of 1.4 Å and default parameters.
Pyruvate Kinase
The pyruvate kinase structure of PDB entry 1a49 and the corresponding HSSP file of 188 homologous sequences (1a49.hssp) were used as the input to the ConSurf web server. The ConSurf output files can be accessed through the ConSurf-HSSP URL database by selecting the PDB ID 1a49 and chain A.
RESULTS
The ConSurf-HSSP Database
The current version of the ConSurf-HSSP database covers, in essence, the entire PDB. We experienced a few failures due to an insufficient number of homologous sequences (less than 5; see Methods section) in the HSSP alignment, since the PDB or HSSP entry included nonstandard characters or the HSSP entry was missing.
In the following section, we provide an in-depth analysis of the conservation pattern obtained for the structure of rabbit muscle pyruvate kinase 24 in order to demonstrate the capacity of the ConSurf-HSSP database. A comparison of the ConSurf-HSSP calculations to the results obtained using HSSP's relative entropy follows.
Pyruvate Kinase
Pyruvate kinase (PK), which is found in all living organisms, catalyzes the conversion of phosphoenolpyruvate (PEP) to pyruvate, with the concomitant phosphorylation of adenosine diphosphate (ADP) to adenosine triphosphate (ATP) in the final step of glycolysis, requiring both magnesium and potassium ions for its activity. 24 -26 There are 4 PK isoenzymes in mammals: M1 (muscles), M2 (kidney and lungs), L (liver), and R (blood cells). All of them are tetramers of identical subunits of about 500 amino acid residues, each of which is composed of 4 domains: A, B, C, and N [ Fig. 1(a) ]. The available data indicate that, while M1 is not allosteric, isoenzymes M2, L, and R show a complicated allosteric-regulation mechanism of PK's enzymatic activity, 33 which involves drastic intradomain and intersubunit rotational movements and a reaccommodation of each subunit within the tetramer. [27] [28] [29] [30] To validate the ConSurf-HSSP results, we looked at the conservation scores assigned to residues that are known to be functionally important. Since the conservation scores are calculated using the HSSP alignment, which includes many types of PK isoenzymes (mammals M1, M2, R, and L, and bacterial types I and II, etc.), the scores reflect the functional important characteristics common to all PK types. Table I presents a list of the 32 residues that are known to be functionally important based on experimental data. 25, 28, 29 These residues are involved in a variety of critical PK activities, such as opening and closing of the active site and coordination of the ligands. Twenty-four of these residues (75%) received high ConSurf-HSSP conservation grades of 8 or 9, as they should.
The active site and the main patch of conserved residues
We also examined the ConSurf-HSSP results obtained for PK by visual inspection of the pattern generated by projecting the conservation scores on the 3D structure of the enzyme. The asymmetric crystallographic units of the structure of rabbit muscle PK contain 2 tetramers, having a total of 8 identical subunits, each formed by 4 domains [ Fig. 1(a)]: N (1-42) , A (43-115 and 224 -387), B (116 -223), and C (388 -530). 24 Evolutionary conservation was mapped onto the surface of subunit 1 of that structure. A large patch of highly conserved residues [ Fig. 1(a) ], referred to as the "main patch," and several smaller patches of conserved residues [ Fig. 1(d) ] were detected.
The main patch is a region composed of many highly conserved residues in the vicinity of the active site, some of which are exposed to the solvent and others that are buried in the protein core [ Fig. 2(a) ]. The "main patch" includes most of the known functional residues of PK [Table I; Figure 2 (b)] and may be decomposed into 2 functional regions [ Fig. 1(a-c) ]: the "active site," which includes highly conserved residues that are directly involved in substrate binding and catalytic activity; and the "interface" region, which includes moderately conserved residues, most of which mediate the interaction between subunits 1 and 3 of the PK homotetramer. [It is noteworthy that the active-site residues play a dual role, since they are also partially involved in the intersubunit interface; Figure 1 (c).] The difference in the conservation level of the "interface" and "active site" regions of the "main patch" presumably reflects differences in the evolutionary pressure. Figure 1(a) shows that the "interface" region is more evolutionarily tolerated, since it is formed mainly by amino acids that are less conserved than the active site (grade 8), thus suggesting that PK complex stability is not very sensitive to the detailed protein structure. In contrast, the highly conserved nature of the "active-site region" (most residues with grade 9) suggests that a very unique combination of amino acids is required to carry out the enzymatic activity. Figure 2 (a and b) shows a view of the "active site" through domain B. All the known functional residues in this region (except for Tyr82 and Lys366) are highly conserved. Interestingly, additional highly conserved residues can be detected in this region. Their high conservation score and proximity to the catalytic cleft suggest that they too are functionally important. Furthermore, Asp177 of domain B and Arg341 of domain A, both of which are in the "main patch," were assigned a high conservation grade of 9 (Table I) . These 2 residues form a salt bridge near the opening of the active site. The formation and disruption of this salt bridge is related to a shift in the equilibrium between the active and inactive conformations of PK.
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Conformational changes
Each PK subunit can adopt several conformations, which are characterized by differences in the relative position of protein domains A, B, and C. 29 In PDB entry 1a49, 6 subunits (1, 3-7) adopt the closed conformation and 2 subunits (2 and 8) adopt an open or semiopen conformation. 24 The secondary patches of conserved residues marked as 1 and 2 in Figure 1 (d) mediate interdomain and intersubunit interfaces in the PK structure, which are important to stabilize these conformations. Patch 1 is the second largest conservation signal on PK's surface. It includes highly conserved functional residues, such as Pro116, Lys223, and Phe243 [ Figs. 1(d) and (2a) ], which are involved in the rotation of domain B relative to domain A. 25, 29 This patch also includes a short sequence of moderately conserved residues (most of which were assigned a ConSurf-HSSP grade of 7), connecting between domains A and B, known as the "linker region." 29 Here again, the conservation analysis indicates that this patch can be subdivided into 2 regions that evolve at different rates, in agreement with the known biological role of both regions: the extremely conserved interdomain, interfacial region, which allows the closing and opening of the active site, and the flexible loop that connects domains A and B, which is moderately conserved [ Fig. 1(d), patch 1] .
Patch 2 contains only 4 residues: Arg254, Ser286, Asp287, and Lys321 [ Fig. 1(d) ]. Arg254 and the highly conserved Asp287 are close enough for their charged side-chains to interact electrostatically. 
614
It has long been recognized that the interdomain interfaces in PK are critical for enzyme regulation. 31 The proposed "domain rotational" model for regulating PK's activity implies that the enzyme has to be equipped with structural elements that enable the coupling of the domain movement to conformational changes in the active site. 26 In agreement with this model, several mutagenesis experiments on the interface between domains A and C (the AC interface) have shown the existence of conserved interdomain salt bridges. 31 It has also been demonstrated that mutations on the AC interface are the most common cause of the hereditary, nonspherocytic hemolytic anemia. 26 The ConSurf-HSSP analysis of the A domain residues at the AB (Fig. 2) and AC (data not shown) interdomain interface regions shows a high degree of conservation in this region. These results reflect the evolutionary importance of the AC and AB interfaces, as predicted by the "domain rotational" model.
Fructose binding
Fructose 1,6-biphosphate (FBP) is one of the main allosteric regulators of mammalian PK, conferring different degrees of allostery, depending on sequence differences and regulatory patterns of the various PK isozymes. 25 Patch 3 is a small cluster of conserved residues that corresponds approximately to the putative binding region of FBP in the M1 rabbit muscle isoenzyme [ Fig. 1(d), patch  3] . 25, 33 This patch is formed by residues Thr431, Ser436 (grades 9 and 8), Ser433, Gly519 (both with grade 7), and Arg454 (grade 6). Thr431, Ser436, and Arg454 are suspected to interact directly with 2 oxygen atoms in the 2 extremes of the FBP molecule, in the putative FBP binding site of the Ser402Pro M1 PK mutant. 25 It is important to note that although the M1 rabbit muscle PK is not allosterically activated, many of the homologs that are included in the HSSP alignment used here are, and this patch probably reflects the overall conservation of the FBP binding region throughout the whole PK family. Moreover, it has been shown that a single amino acid replacement is sufficient for the M1 isoenzyme to acquire allosteric properties.
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Scoring Conservation Using Rate4Site Versus Relative Entropy
To further characterize the ConSurf-HSSP database, we repeated the evolutionary conservation analysis of PK utilizing the relative entropy scores that are provided in the original HSSP database.
1 Table I provides a comparison of the conservation grades calculated using Rate4Site versus relative entropy for 32 of PK's amino acids that are known to be functionally important. Most of these residues are categorized as highly conserved by both methods; Rate4Site assigns 24 (75%) of them as highly conserved (grades 8 or 9), while relative entropy identified only 18 (56%). Figure 1(a and b) shows the conservation pattern obtained using Rate4Site and the relative entropy in the vicinity of PK's active site. As previously mentioned, the "main patch" found in the ConSurf-HSSP analysis (using the Rate4Site algorithm) can be subdivided into 2 regions, the "active site" and the "interface." The active-site region obtained high conservation scores using both methods. However, the interface appears to be more highly conserved using Rate4Site's scores [ Fig. 1(a) ] compared to the relative entropy scores [ Fig. 1(b) ]. Overall, the ConSurf-HSSP results appear to correlate better with the contact projection obtained for the interface [ Fig. 1(c) ].
Further analysis of the relative entropy results showed virtually no conservation signals that correspond to patches 1, 2, and 3 [ Fig. 1(d) ] of the ConSurf-HSSP scores, which were obtained using Rate4Site, and for the inter-domain AB (Fig. 2) and AC (data not shown) interfaces patches.
DISCUSSION
Methods for 3D structure determination in proteins have improved tremendously over the past few years. 34, 35 As a result, the PDB includes a significant number of proteins of known structure but as yet unknown or partially characterized function. The existence of these structures stimulated many research groups to develop various computational tools for the identification of the functional regions in proteins. 8,11,36 -40 (2)], in and around PK's "main patch." A red-through-blue rainbow scheme indicating maximum-through-minimum relative solvent accessibility appears at the bottom. Again, the continuous gray curves divide the "main patch" into 2 regions: "active site" and "interface." (d) ConSurf-HSSP mapping of evolutionary conservation reveals 3 patches of conserved residues in addition to the "main patch" of plate (a). The patches are numbered and encircled by black curves. Patch 1 includes the linker region between domains A and B of subunit 1 (encircled by continuous black curve, most residues with grade 7) and several highly conserved residues that form PK's catalytic cleft (encircled by dashed black curves). Patch 2 includes polar and titratable residues (Arg254, Ser286, Asp287, and Lys321) that are evolutionarily conserved. Patch 3 includes part of the putative fructose 1,6-biphosphate binding region (residues Thr431, Ser436, Ser433, and Gly519). Figure 1(a) . Domain B is shown as a gray backbone model and substrate, and ligands are presented using the yellow space-filled model. (b) The same as in (a), but the functionally important residues Pro52, Asn74, Ser76, His77, Tyr82, Ser242, Phe243, Lys269, Asp295, Thr327, Thr340, Arg341, Ser361, Glu363, and Lys366 (some of which are partially buried), are colored blue.
THE CONSURF-HSSP DATABASE
In cases where a sufficient number of homologous proteins are available, evolutionary-based methods have proved to be very effective to this end. 5, 7, 9, 12, 36, [41] [42] [43] [44] [45] For example, Valdar and Thornton 7 and Elcock and McCammon 5 used a straightforward criterion, based on the relative entropy, and correctly discriminated between biologically important and artificial interprotein interfaces observed in X-ray crystal structures in about 86% of a set of 76 proteins, which was compiled by Ponstingl et al. 46 Large-scale tests using variants of the Evolutionary Trace method which, like Rate4site, make explicit use of the phylogenetic relationships between the homologous proteins, were equally successful. For example, Aloy et al. 36 correctly identified 79% of the active sites in a set of 86 proteins; more recently, Madabushi et al. 47 and Yao et al. 48 applied the Evolutionary Trace method for the identification of various known functional interfaces, and reported a success rate of 90% or more for sets of 46 and 86 proteins, respectively. Innis et al. 49 reported a ϳ96% success rate in the prediction of functional sites in 470 cases tested, using a conserved functional group (CFG) clustering technique. This methodology relies on the examination of the extent and spatial distribution of functional group conservation to identify regions of a protein with functional significance.
Overall, these studies indicate that, with a few exceptions (see below), the major functional regions are highly conserved across homologous proteins and can therefore be easily detected. The challenge is then to detect functionally important amino acids that are not strictly conserved. This and other studies 11, 13 demonstrated that the enhanced accuracy and sensitivity provided by the Rate4Site algorithm, used in the generation of the ConSurf-HSSP database, are particularly suitable for this task. For example, based on the different conservation scores assigned to the residues that compose PK's main patch, it was possible to differentiate between the highly conserved active site and the moderately conserved intersubunit interface of this enzyme [ Fig. 1(a) ].
The wealth of phylogenetic information and its unique contribution to the understanding of protein function have led us to produce the ConSurf-HSSP database of precalculated conservation scores for all the proteins in the PDB. The decision to use premade MSAs of homologous proteins from the HSSP database was critical to the establishment of ConSurf-HSSP. The experience from our laboratories and elsewhere has been that the conservation scores are very sensitive to the quality of the MSA used in the analysis. The ConSurf-HSSP database provides a combination of HSSP's high-quality MSAs and Rate4Site's accurate and sensitive method of scoring conservation, allowing the user an immediate access to the high-quality, precomputed conservation results. Users who are interested in providing their own MSA, rather than relying on the precomputed conservation scores, can use the ConSurf web server (http://consurf.tau.ac.il). 16 Some rather important functional interfaces are not evolutionarily conserved; the hypervariable pathogen recognition regions in antibodies and major histocompatibility complex (MHC) molecules are excellent examples of this. 50 Such functional regions would be typically overlooked unless one aims at the most highly variable regions of the protein. PK provides another type of a nontrivial, functionally important region: the interface between the C domain of subunits 1 and 2 of PK (the 1-2 interface). This interface is functionally important in PK, being implicated in allosteric intersubunit communication, 25 ,28 yet it is only averagely conserved in the ConSurf-HSSP analysis (data not shown). The lack of conservation of the 1-2 interface is congruent with the fact that the allosteric regulation through this interface is lineage-specific. Differences along a short-sequence region forming the interface between subunits 1 and 2 seem to be responsible for the different allosteric properties of PK isozymes (e.g., 22 residues between M1 and M2). 51 Accordingly, the 1-2 interface is not conserved in the full ConSurf-HSSP analysis, although it is significantly conserved among a subset of 18 M1 isozyme homologues obtained from GenBank 52 (data not shown). In general, lineage-specific functional sites may be difficult to identify using the ConSurf-HSSP database; thus, complementary ConSurf analysis, using subsets of the homologous proteins corresponding to different clades in the phylogenetic tree, is recommended.
The ConSurf-HSSP database provides a fast and reliable source of functional information for hypothesis-driven studies using biochemical and mutagenesis analysis. In addition, it may also be used for high-throughput studies of all the proteins of known structure.
